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Advances in localized surface plasmon resonance 
spectroscopy biosensing

Biosensing has traditionally employed spec-
troscopic techniques that measure biological 
interactions in solution [1–5]; however, perform-
ing assays on a surface has certain advantages: 
surface assays require less sample than solu-
tion assays [6]; they permit real-time measure-
ments  [7]; they are readily amenable to high-
throughput sensing since probe functionalized 
surfaces are easily washed and regenerated 
enabling sequential measurements [8–10]; and 
a single surface can be functionalized with an 
assortment of probes for multiplexed simul-
taneous sensing [11,12]. One of the most com-
mon biological assays is ELISA, in which an 
unknown protein or antigen is bound to the 
surface and detected via its interaction with an 
antibody that is labeled to an enzyme to pro-
duce a detectable signal [13,14]. This method 
has been used to detect analytes at attomolar 
concentrations using new labeling schemes [15]. 
One major limitation is the need for a labeled, 
enzyme-linked antibody that is capable of bind-
ing to the protein of interest with high affinity. 
Surface plasmon resonance (SPR) spectroscopy 
is one method that has gained popularity to 
measure biomolecular interactions without the 
need for labels [16–19]. This technique senses the 
refractive index (RI) of the environment near 
a planar noble metal surface by measuring the 
parameters of light (angle and wavelength), 
which excite surface plasmons at the noble 
metal surface. SPR has been used to detect ana-
lytes down to the femtomolar range [19]. For the 
most part SPR and localized surface plasmon 
resonance (LSPR) have similar advantages and 

limitations; however, the long field decay length 
(greater than 100 nm) makes the measurement 
prone to interference from changes in the bulk 
RI, such as those caused by temperature fluctua-
tions [20]. Furthermore, measuring protein con-
formational changes and small ligand binding 
is often confined to proteins within a matrix, 
which can drastically affect kinetics [21,22]. 
Another commonly used label-free biosens-
ing technique is quartz crystal microbalance, 
in which the binding of a biological analyte is 
detected as a change in frequency of a quartz 
crystal resonator. This technique, especially 
when combined with electrochemistry, has 
been shown to be quite sensitive and can detect 
submonolayer coverage (nanomolar range) of 
biological analytes [23,24]. Finally, it has been 
shown that label-free sensing can reach limits 
of detection that are comparable with ELISA 
using field-effect transistors and have detected 
biomolecules in the attomolar concentration 
range [25–27]. These devices, typically made 
from silicon nanowires, undergo changes in 
resistivity upon analyte binding to the surface. 
Unfortunately, this type of device often requires 
difficult and expensive fabrication processes. 

The major drawback of these label-free tech-
niques is that they either require expensive 
instrumentation, or sensor fabrication is dif-
ficult and expensive. LSPR spectroscopy offers 
easy sensor fabrication and inexpensive instru-
mentation while retaining all the advantages 
characteristic of label-free surface sensing, in 
some cases even demonstrating improved capa-
bilities over other techniques. For example, the 
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considerably shorter field decay length for LSPR 
(5–6  nm) over SPR (100  nm) makes LSPR 
less sensitive to interference from solution RI 
fluctuations, but more sensitive to changes on 
the surface. LSPR sensors are primarily noble 
metal nanoparticles, which can be functional-
ized individually to bind a variety of analytes, 
making it optimal for miniaturized, multi-
plexed sensing (Figure 1) [28,29]. Single nanopar-
ticle (SNP) LSPR-based biosensing is expected 
to yield greater sensitivity than the techniques 
mentioned above, and currently, the mass detec-
tion limits have been pushed down to the zep-
tomole range [30,31]. Although LSPR sensors 

typically comprise nanoparticle arrays attached 
to solid supports, SNP LSPR can be performed 
on nanoparticles moving freely in solution. 
Tracking nanoparticle motion provides an 
additional signature for monitoring binding 
events. This versatility in signal transduction 
platforms is one major advantage of LSPR-based 
biosensing techniques.

Localized surface plasmon resonance bio-
sensors consist of three major components: a 
plasmonic surface for signal transduction; a 
passivating layer to minimize nonspecific bind-
ing and for optional probe attachment; and a 
probe layer for specific target recognition. Figure 1 

shows LSPR data from two different LSPR sen-
sors that have the same active probe layer, biotin, 
and hence detect the same analyte, streptavidin. 
Figure 1A & 1B shows a schematic, atomic force 
microscopy  image, and streptavidin response 
for a nanoparticle array fabricated on a glass 
slide by nanosphere lithography [32–34]. The 
extinction spectra are ensemble measurements 
of many nanoparticles within the focal spot of 
the UV-Vis spectrometer. Figure 1C shows a scat-
tered light image of SNPs fixed to a surface and 
the streptavidin response of one representative 
nanoparticle; in this case each spectrum is the 
scattering from a SNP [35]. The spectral maxima 
shift of the two sensors have similar magnitudes, 
approximately 25 nm, demonstrating that a SNP 
is as effective as nanoparticle arrays. Other plat-
forms have been developed that involve either 
coupling plasmonic particles to both the probe 
and analyte or to both ends of the same biologi-
cal molecule, such as DNA. As the probe and 
analyte bind or the DNA molecules bend, the 
plasmonic particles come into close proximity, 
resulting in plasmonic coupling. This produces 
very large shifts in the LSPR spectrum, which 
are typically much larger than those observed 
from changes in RI [36–39].

In this article, we outline the fundamentals of 
plasmonic sensing as well as highlight a number 
of new LSPR sensing modalities developed in 
the past 5 years. The ‘LSPR fundamentals’ and 
‘Correlated physical and optical properties of 
nanoparticles’ sections provide a basic explana-
tion of LSPR spectroscopy, how it can be used 
for biosensing, and the parameters that deter-
mine the sensing properties of an LSPR sen-
sor. The ‘Detecting small analytes via protein 
conformational changes’ section through to the 
‘Combined MS & LSPR’ section discuss spe-
cific examples where LSPR capabilities have been 
expanded beyond sensing protein binding to 
measure protein conformational changes, small 

Figure 1. Two different methods for localized surface plasmon resonance 
sensing streptavidin binding to biotin. (A) The reaction on a periodic particle 
array fabricated using nanosphere lithography. (B) An atomic force microscopy image 
of a periodic particle array and, to the right, the localized surface plasmon resonance 
spectra before (1) and after (2) strepatvidin binding [31]. (C) A representative darkfield 
image of many individual Ag nanoparticles. The scattering spectra of a single 
nanoparticle before (1) and after (2) streptavidin binding. 
Reproduced with permission from [33].
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molecule binding and to definitively identify 
bound analytes. Finally, the ‘SNP LSPR’ section 
through to the ‘Multiplexed biological imaging 
using LSPR’ section describe the capabilities that 
are unique to SNP LSPR sensing.

LSPR fundamentals
The optical properties of nanoparticles have been 
observed since circa 400 AD when the Lycurgus 
Cup was created [40]. This vessel comprises gold 
nanoparticles, which cause it to appear green 
when light is reflected from the surface but 
appear bright red when light passes through the 
cup. This is due to excitation of the localized 
surface plasmons on the nanoparticles and only 
occurs in materials with large, negative real and 
small, positive imaginary dielectric constants. In 
the last 20 years, great strides have been made 
towards understanding this phenomenon. The 
optical, or plasmonic, properties of nanoparticles 
have been exploited for a wide range of applica-
tions from label-free biochemical sensors [41,42], 
to optical waveguides and switches [43,44], to sur-
face-enhanced and tip-enhanced Raman spec-
troscopy [45,46], and to subwavelength imaging 
and lithography [47,48].

When light impinges upon a nanoparticle 
with a diameter that is smaller than the wave-
length of light, it causes a collective oscillation of 
the conduction electrons at a frequency known 
as the LSPR [49,50]. The extinction spectrum as 
a function of wavelength displays a peak at the 
LSPR frequency, which is due to absorption and 
scattering of the light by the nanoparticles [51–53]. 
This can be calculated according to Mie theory, 
Equation 1: 
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where N is the number of particles in the sensing 
area, a is the radius of the particles, c is a factor 
correlated with nanoparticle shape, e

E
 is the die-

lectric constant of the external medium, and e
r
 

and e
i
 are the real and imaginary components of 

the metal dielectric function, respectively [54,55]. 
It is important to note that c in this expression 
has only been solved analytically for spherical 
particles, and must be approximated for all other 
shapes [56]. The dielectric constant and RI of the 
external medium are directly related via:

nE
2

E =f

The size, shape and metal (which dictates 
the dielectric constants) of the nanoparticle, 
can be varied to tune the LSPR spectrum as 

described in the ‘Multiplexed biological imag-
ing using LSPR’ section. A change in e

E
 or RI, 

n
E
, shifts the spectral peak position and serves 

as the basis for biosensing [57–59]. When a bio-
logical molecule binds to the nanoparticle, it 
displaces the solvent and increases the effective 
e

E
 (or n

E
) around the nanoparticle, shifting in 

the extinction peak to longer wavelengths.
The RI of a typical protein is approximately 

1.45, but the extent that a protein layer shifts the 
l

max
 depends on its protein packing density. The 

shift (Dl
max

) is expressed by Equation 3, 

m n n 1 exp 2d/lmax A E d= - - -mD ^ ^^h hh

where m is the RI sensitivity and is often referred 
to as the m-value, (n

A
-n

E
) is the RI difference 

between the biomolecular analyte (n
A
) and the 

bulk solvent environment (n
E
), d is the optical 

thickness of the protein layer coating the nano-
particles, and l

d
 is the electromagnetic field decay 

length [33,60]. Thus, from a given LSPR response, 
it is possible to calculate the optical thickness 
of the layer, which can be converted to a quan-
titative coverage of biological molecules on the 
nanoparticle surface. This is beneficial when 
designing probe surface coatings to maximize 
the signal for analyte capture. LSPR can be used 
to determine binding constants and rate con-
stants by plotting Dl

max
 as a function of analyte 

concentration or time, respectively [33,60]. 

Correlated physical & optical 
properties of nanoparticles
The ultimate biosensing goal is to generate the 
maximum signal for the lowest concentration 
of analyte. The size, shape and metal of a nano
particle affect the extinction spectrum and hence 
its refractive index sensitivity to the environ-
ment. These physical properties can be tuned 
to attain the optimal LSPR signal for any reac-
tion of interest. As discussed in the ‘Resonance-
enhanced LSPR’ section, the sensitivity of the 
LSPR peak position to the external RI has been 
extensively studied; however, correlating the 
physical properties of a particle with its spec-
trum has only recently been carried out at the 
single particle level [61]. These correlations must 
be made on the single particle level, as nanopar-
ticle samples are both structurally and optically 
heterogeneous. Hence, ensemble measurements 
do not have the necessary resolution to draw 
detailed correlations between the physical and 
optical properties of nanoparticles. Using dark 
field microscopy, which measures scattered light 
from individual nanoparticles, Sherry et  al. 

(1)

(2)

(3)
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compared single particle LSPR scattering spec-
tra with the ensemble extinction spectrum for 
Ag nanoprisms (Figure 2A) [62]. The l

max
 of four 

randomly chosen individual particles were close 
to the ensemble l

max
, but the variation in the 

single particle spectra demonstrate the particle-
to-particle heterogeneity within this sample. 
Furthermore, the single particle spectra can be 
modeled using the discrete dipole approximation 
and Figure 2B demonstrates that experimental data 
can be well described by theory [62]. These com-
bined results show that an ensemble spectrum 
comprises many unique single particle spectra, 
and, therefore, precise correlations between spec-
tral and physical properties require single par-
ticle measurements. The following paragraphs 
describe how the nanoparticle material, size and 
shape affect their LSPR sensing capabilities.

There are many types of metal nanoparti-
cles that can support plasmons (Pd, [63] Pt, [64] 
Al,  [65], Au and Ag); however, gold and silver 
nanoparticles are the most common, and, there-
fore, are the focus of this article. Silver nanopar-
ticles have a greater m-value than gold nanopar-
ticles of the same size and shape, 161 nm/RIU 
versus 44 nm/RIU for silver and gold, respec-
tively [66,67]. This is due to the differences in the 
real and imaginary dielectric constants of the 
metals. Extinction spectra for silver particles in 
aqueous solution typically give rise to a single 
sharp peak in the visible region, whereas the 
gold particle gives rise to a broad peak of lower 
intensity shifted to the infrared region of the 
spectrum [68]. Even though gold particles are less 
sensitive, they are frequently used for biosensing 
applications due to the fact that they are less 
likely to oxidize [69]. 

Size also plays an important role in the posi-
tion and shape of the LSPR spectrum. When 
the diameter of a gold sphere increases from 9 
to 99 nm, the l

max
 shifts from approximately 

520  to 580 nm [70]. The spectrum also broadens 
as the diameter increases because the amount 
of scattering increases in larger particles, lead-
ing to an overall increase in the area under the 
extinction peak [71]. In addition, larger particles 
exhibit radiation damping on faster timescales, 
which in turn produces broader spectral fea-
tures [29,72]. Larger spheres have greater m-val-
ues, but much broader spectra, decreasing the 
resolution [73]. 

Another way to tune the LSPR spectrum is to 
vary the nanoparticle shape. When comparing 
single Ag triangular nanoprisms and spheres it 
was found that the spectra of the nanotriangles 
were more sensitive to changes in external RI 

than those of the spheres, consistent with ensem-
ble measurements [74]. In a bulk RI study of 
nanotriangles, Sherry et al. found the m-values 
of three particles varied from 183 to 205 nm/
RIU [62]. Using theoretical modeling, they found 
that the line widths of prism spectra increase not 
with volume as spheres do, but with sharpness of 
the corners. The sharp corners of the triangles 
provided enhanced electromagnetic fields on the 
surface and give rise to the increased sensitivity 
over spheres, which have an m-value of 161 nm/
RIU [32]. The m-value of cubes is also greater 
than that of spheres, and has been measured to 
be 175 nm/ RIU [75].

Sensors made from gold rather than silver are 
more common since gold is less likely to oxi-
dize, its biological toxicity is lower than that of 
silver [76,77], and the characteristic infrared l

max
 

of gold nanoparticles is less invasive for biologi-
cal applications. Tuning l

max
 through NP size 

and shape can be exploited to create multiplexed 
sensors, since nanoparticles with distinct spectra 
can be fabricated and each type functionalized 
with a different analyte probe. Recent studies 
have demonstrated synthesis of nanoparticles 
in a variety of shapes, including nanostars [78], 
nanooctahedrons [79] and nanodecahedrons [80]. 
Based on the observation that the sharp corners 
on triangles give the greatest field enhancement, 
these shapes are expected to yield unprecedented 
sensitivity, a truly exciting possibility for biosens-
ing applications. Given the tunability of both 
the m-value and the l

max
, from the ultraviolet to 

infrared region of the spectrum, it is not surpris-
ing that LSPR has found a prominent place in 
biosensing.

Detecting small analytes via protein 
conformational changes
Since there are a growing number of diseases 
linked to protein misfolding, the measurement 
of protein conformational changes is crucial 
in understanding how proteins work. These 
measurements are commonly carried out using 
solution-based techniques, such as fluorescence 
or circular dichroism, but they require large 
amounts of sample, do not permit convenient 
sample regeneration and data analysis can be 
complex. Some conformational changes have 
been observed with SPR [21,81–83]; however, the 
long field-decay length makes changes in pro-
tein conformation show only minor changes 
in the signal. The LSPR decay length is on the 
same size scale as proteins; hence, when proteins 
change conformation they cause larger changes 
in the observed signal. 
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The Van Duyne group was the first to dem-
onstrate quantitative LSPR measurements of a 
conformational change of calmodulin (CaM), 
which switches from a ‘closed’ to an ‘open’ 
state upon binding Ca2+ [84]. It is important to 
note that since Ca2+ is such a small ligand that 

upon binding it does not change the local RI 
significantly enough to give rise to an LSPR 
signal [7]. In this study, the CaM is covalently 
linked to a cutinase (Cut) domain at both the C 
and N termini (creating CutCaMCut), which 
serves to immobilize all proteins in a uniform 

Figure 3. Calcium-modulated plasmonic sending. (A) Reversible binding of Ca2+ to CutCaMCut. 
(B) The shifts in the localized surface plasmon resonance spectrum (Dl) over time as cycles of CaCl

2
, 

grey, and EGTA (white) solutions were introduced to CutCaMCut (red) and CutCut (blue). (C) Sample 
of a CaCl

2
/EGTA cycle showing the exponential fit of Equation 3 (black) to the experimental result (red).

Cut: Cutinase. 
Reproduced with permission from [7].

Figure 2. Localized surface plasmon resonance spectra of silver triangular nanoprisms. 
(A) Ensemble extinction spectrum (black) and single nanoparticle dark-field scattering spectra 
(colored) of triangular nanoprisms. A transmission electron microscopy image of representative 
nanoprisms is shown in the inset. (B) Theoretically modeled spectrum (red) and experimentally 
acquired spectrum (black) of a single triangular nanoprism using the DDA method. The theoretical 
spectrum was calculated for a nanoprism with edge length = 111 nm, snip = 15 nm and 
thickness = 10 nm. 
Reproduced with permission from [59].
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orientation with respect to the surface and to 
provide conformational flexibility. When the 
immobilized CutCaMCut is exposed to solu-
tion phase Ca2+

, 
the conformational changes, as 

depicted in Figure 3A, result in a l
max 

red shift. 
When a metal chelator is introduced to extract 
Ca2+ from CutCaMCut, l

max
 blue shifts back 

to approximately the original value, as shown 
in Figure 3B. Control experiments confirm these 
shifts only occur when CaM is present. The 
red shifts in the presence of Ca2+ indicate 
an increase in the RI near the silver surface, 
meaning CutCaMCut reorients on the surface 
at a higher packing density within the sens-
ing volume. The time resolved data, shown in 
Figure 3C, was fit to Equation 4 where t is time in 
seconds, l

max (0)
 is the initial l

max
 value, t is the 

rate of change in seconds, and A and B are scal-
ing factors. From this fit the rate constants of 
approximately 0.034 and 0.127 s-1 were deter-
mined for the opening and closing processes, 
respectively.

Ae B t*max max(0)
t/+ +m m=
- x

This study highlights how the localized sens-
ing volume of LSPR can be exploited to mea-
sure protein conformational changes in real 
time. LSPR is label-free, requires small sample 
volumes, makes it possible to easily regenerate 
the sample, and enables the detection of small 
molecules that are difficult to detect using other 
label-free techniques. In the current design, this 
method could only detect Ca2+ ions in the micro-
molar range, which is not as good as electro
chemical methods [85]. However, the range is 
useful in biological systems where cellular cal-
cium concentrations are typically in the micro-
molar range. LSPR can detect small molecules 
in other ways as well; one other example, which 
exploits the resonant effect, is discussed in the 
following section. 

Resonance-enhanced LSPR
A challenge for plasmonic sensing is detecting 
small molecules since they do not significantly 
alter the local RI upon binding. Recently, SPR 
measurements of drug binding to surface-teth-
ered human serum albumin yielded a signal 
that was 1000-times smaller than the signal 
for human serum albumin binding to surface-
tethered drugs [86]. However, when the analyte 
is a chromaphore, displaying a strong extinction 
coefficient near the LSPR of the sensor surface, 
it is quite easy to detect. The chromophore 
increases the l

max
 shift via the resonant effect, 

which was first investigated by Pockrand et al. in 
1978 for SPR and by Haes et al. for LSPR in 2006 
[87,88]. This enhancement is strongly affected by 
the real part of the wavelength-dependent RI of 
the analyte, which resonates with the localized 
surface plasmons; the resulting shifts can be pre-
dicted theoretically using this model [28,87,88]. A 
study of rhodamine 6G (R6G) adsorbed on silver 
nanoprisms revealed that the enhancement of 
LSPR peak shifts as a function of wavelength 
contained three peaks, even though the wave-
length-dependent UV-Vis spectra of R6G con-
tains only two peaks [89]. These features result 
from different adsorbed forms of R6G on the 
surface. Hence, chromophore analytes do not 
just enhance the LSPR shift, but can also pro-
vide information regarding the way that analytes 
adsorb on nanoparticle surfaces.

Zhao et al. were the first to exploit the reso-
nant effect for biosensing [90]. They examined 
the interaction of an inhibitor and a substrate, 
both small molecules, with immobilized bac-
terial CYP101, a member of the cytochrome 
p450 family that helps metabolize drugs in 
the liver [91]. The CYP101 protein contains a 
heme chromophore that has a strong absorp-
tion at approximately 417  nm, which red 
shifts by 8  nm when an inhibitor is bound 
and blue shifts by 27 nm when a substrate is 
bound [92–94]. A schematic of this binding is 
depicted in Figure 4 along with a plot of LSPR 
peak shift as a function of the sensor’s LSPR 
l

max
 for both the inhibitor, imidazole, and the 

substrate, camphor, and representative LSPR 
spectra before and after each type of binding. 
When imidazole binds, the local RI increases, 
causing a red shift in l

max
, which is enhanced 

by the red shift of the heme absorption. When 
camphor is bound, the local RI also increases 
causing a red shift in l

max
; however, this is over-

whelmed by the blue shift of the heme absorp-
tion spectrum leading to a blue shift of l

max
. 

When l
max

 of the nanoparticle substrate was 
tuned so the LSPs resonated the peak of the 
heme, the magnitude of the shift increased for 
binding of both camphor and imidazole. 

The resonant effect has even been used to 
enhance LSPR studies of drugs binding to 
human CYP3A4 cytochrome p450 protein [95]. 
The drugs that bind CYP3A4 are classified into 
types: type I causes a blue shift in a certain heme 
absorption peak and type II cause a red shift in 
this peak [93]. The resonant effect was able to dis-
tinguish between type I and II drug binding, as 
shown in Figure 5, despite the fact that the LSPR 
peak is far from the heme’s absorption peak. 

(4)
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This study demonstrates that the resonance 
effect not only improves the magnitude of the 
signal, but can also be used to identify the type 
of bound ligand in certain cases. 

By tuning the l
max

 position of the LSPR 
sensor to match with the absorption peak of 
chromophoric analytes, the LSPR peak can be 
maximally enhanced. The examples presented 
in this section demonstrate that it can: increase 
the magnitude in l

max
 shift, enabling sensing of 

small molecules, which are normally undetect-
able; provide information about the adsorption 
state of an analyte of interest; and identify the 
type of analyte bound in specific instances. 
This increased sensitivity makes resonant LSPR 
one of the most sensitive techniques for detect-
ing small analyte binding. Although resonant 
LSPR can identify the type of drug bound to a 
probe, further identification of the bound ana-
lyte can be provided by combining LSPR with 
other techniques, such as mass spectrometry 
(MS) described in the next section. 

Combined MS & LSPR
Localized surface plasmon resonance biosensors 
can measure a wide variety of biomolecular inter-
actions because almost every interaction causes a 
change in the local RI. This can be a drawback, 
as the sensor cannot distinguish between captur-
ing the analyte of interest and general fouling 
of the surface. Moreover, analytes of different 
makeup but similar functionality cannot be 
distinguished by LSPR measurements alone. 
Combining LSPR with MS is one solution to 
this problem. In this combined technique, the 
amount of analyte bound is quantitated by LSPR 
and the analyte is identified by MS. This is valu-
able in cases where there is nonspecific bind-
ing to the probes or surface and where multiple 
analytes are being monitored simultaneously. 
While combining MS with sensing is not novel, 
the increased specificity offered by this system 
greatly enhances the potential of LSPR to func-
tion as a multiplexed sensor for any panel of 
analytes.

Figure 4. Substrate binding to cytochrome P450. (A) Camphor or imidazole binding to CYP101 
protein tethered to mercaptoundecanoic acid on a Ag nanosphere lithography substrate. 
(B) Localized surface plasmon resonance shifts from imidazole (red) and camphor (blue) as a 
function of Ag nanosphere lithography substrate lmax. (C) Extinction spectrum of CYP101 on Ag 
nanosphere lithography substrate before (pink dashed) and after (green dotted) imidazole 
incubation. (D) Extinction spectrum of CYP101 on Ag nanosphere lithography substrate before (pink 
dashed) and after (green dotted) camphor incubation. 
LSPR: Localized surface plasmon resonance. 
Reproduced with permission from [80].
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The Van Duyne group developed an LSPR 
biosensor capable of detecting amyloid derived 
diffusible ligands (ADDLs), a biomarker for 
Alzheimer’s disease, down to picomolar concen-
trations [59,96]. Anker et al. pioneered combining 
matrix-assisted laser desorption/ionization MS 
with LSPR in order to identify ADDLs, as illus-
trated in Figure 6 [97]. The ADDL binding was 
observed in real-time, see Figure 6B, and the MS 
spectrum (Figure 6C) confirmed the presence of 
the ADDL building block, Ab. The MS results 
showed Ab was present in both an oxidized and 
a reduced form, which was hypothesized to be 
important for Alzheimer’s disease progression. 
The resolution of the two different Ab forms 
could not have been determined using LSPR as 
both forms shift l

max
 by the same amount. By 

identifying the subtle, but important, differ-
ence in Ab monomers that make up ADDLs, 
Anker et al. have demonstrated the power of the 
combined LSPR/MS technique. This technique 
would be ideal to evaluate the specificity of dif-
ferent probes on a multiplexed sensor. LSPR 
multiplexed sensors are capable of reaching new 

levels of miniaturization using SNP LSPR sens-
ing, which is discussed in detail in the following 
sections. 

SNP LSPR
The studies in the ‘Multiplexed biological imag-
ing using LSPR’ section focused primarily on 
the link between physical and spectral proper-
ties of SNPs [28,29]. While understanding these 
correlations is important, another advantage of 
SNP spectroscopy is its improved LSPR sensing 
capabilities. SNP measurements possess all the 
advantages of ensemble LSPR measurements, as 
well as several other noteworthy advantages for 
biosensing: 

�� SNP spectroscopy has the ability to greatly 
increase the sensitivity of biological sensing 
applications, as described in the next paragraph 
[28,74,98]; 

�� Since only a few nanoparticles need to be 
monitored at a time, the required sample vol-
ume (in the attoliter range) is significantly 
lower than it is for ensemble methods; 

Figure 5. Drug screening with human cytochrome P450. (A) CYP343 in a Nanodisc binding to 
mercaptoundecanoic acid functionalized Ag nanoparticle followed by drug binding to CYP343. 
(B) Absorbance spectra of CYP343/Nanodisc sensor without any drug (blue solid) with type I drug 
bound (red dotted) and with type II drug bound (green dashed).  
Reproduced with permission from [85].
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�� Multiple nanoparticles, each with a unique 
l

max
, can be monitored simultaneously with 

this platform, making it readily amenable to 
multiplexing [71,99,100]; 

�� The motion of each nanoparticle can be 
tracked in real-time allowing the trajectory to 
be determined in biologically amenable 
solutions; 

�� Plasmonic nanoparticles offer advantages for 
biological imaging since they are not suscep-
tible to photobleaching. In the remainder of 
this article we describe studies that have dem-
onstrated these superior sensing capabilities of 
SNP LSPR methods.

As discussed in the ‘LSPR fundamentals’ 
section, the LSPR signal is due to an analyte 
displacing solvent near the sensor surface, hence 
changing the effective RI around the nanopar-
ticles. In ensemble LSPR one must change the 
RI around all particles in an array to observe a 
shift in l

max
. However, in single particle LSPR 

the RI only needs to be changed around one 
nanoparticle, significantly reducing the num-
ber of analyte molecules required to produce 
an observable signal. McFarland et al. were the 
first to observe formation of a self-assembled 
monolayer on a single silver sphere in real-time 
with LSPR [30]. A self-assembled monolayer of 
1-hexadecanethiol produced a 40.7  nm l

max
 

shift (Figure 7). Based on the known thiol self-
assembled monolayer packing density on silver 

and the approximate nanoparticle surface area, 
calculations estimate that this signal results 
from only 6 × 104 molecules adsorbed on the 
nanoparticle, or approximately 100 zepto-
mole sensitivity. Since then, other studies have 
focused on biosensing with SNP LSPR. Haes 
et al. observed a shift of 12.7 nm when strepa-
vidin bound to a biotinylated silver sphere; this 
response is estimated to result from binding of 
fewer than 700 molecules of streptavidin [35]. 
Similarly, Raschke et al. measured streptavidin 

Figure 6. Combining LSPR and MALDI MS. (A) ADDLs binding to nanosphere lithography 
substrate followed by coating with sinapinic acid. (B) Real-time plot of ADDLs binding. (C) MALDI-
TOF-MS spectrum of ADDLs.  
ADDL: Amyloid-derived diffusible ligand; LSPR: Localized surface plasmon resonance; PBS: Phosphate 
buffered saline. 
Reproduced with permission from [87]. 

450 500 550 600 650 700
0

20

40

60

80

100

Wavelength (nm)

In
te

n
si

ty

∆λmax = 40.7 nm

Figure 7. Single nanoparticle localized 
surface plasmon resonance sensing. 
Localized surface plasmon resonance scattering 
spectra of a single Ag nanoparticle before 
(blue) and after (red) immobilization of 
1-hexadecanethiol self-assembled monolayer. 
Spectra were collected in N

2
. 

Reproduced with permission from [28].

LSPR

5 mM ADDLs

644

646

OH
OH

OH

OH

OH

OH

O
O

O
O

O
O

642

640

638Matrix

ADDLs

636
0 1000 2000 3000

Time (s)

λ m
ax

 (
n

m
)

10 mM PBS
MQ H2O 100

80

60

40

20

0
4450 4500 4550

Oxidized
Ab

4516.5
Ab

4532.7

R
el

at
iv

e 
in

te
n

si
ty

MALDI-MS

Mass/Charge
Ag

Ag

Ag



Nanomedicine (2011) 6(8)1456 future science group

Review Sagle, Ruvuna, Ruemmele & Van Duyne Advances in localized surface plasmon resonance spectroscopy biosensing Review

binding to biotinylated-bovine serum albumin 
coated gold nanoparticles with a different pas-
sivating layer and were able to observe a signal 
of only 1.19 nm corresponding to fewer than 
70 molecules binding to the surface [101]. In 
this work, they monitored the l

max
 shift as a 

function of time, and could fit the data to a 
first order kinetic model. More recently, Chen 
et al. developed a robust LSPR-based assay for 
measuring enzymatic catalysis with SNPs [102]. 
This assay was able to detect only a few horse-
radish peroxidase molecules per nanoparticle. 
These significantly improved detection limits 
demonstrate possibly the greatest advantage of 
SNP over ensemble LSPR.

As these studies show, SNP LSPR is able 
to detect a very small number of molecules 
and due to the small size of nanoparticles, 
this requires very small quantities of sample. 
Hence, LSPR is convenient for medical testing 
and diagnostics as it minimizes the amount of 
blood, or other biological fluid, that must be 
collected from a patient. Another advantage of 
miniaturization is that SNP LSPR lends itself to 
multiplexed sensing. The next section focuses 
on describing one type of LSPR multiplexing 
that measures both the plasmon resonance 
wavelength and the nanoparticle position in 
2D, simultaneously.

Multiplexed SNP tracking
Single particle tracking, where the trajectory of 
an individual particle can be mapped, has long 
been established as a means to study motion 
in biological systems. Tracking has employed 
many types of particles, including fluorescent 
particles, latex beads and gold colloids [103]. 
These studies have succeeded at monitoring 
receptor diffusion on membranes and in cells, 
identifying corrals formed by cytoskeletal pro-
teins near membranes and measuring biological 
motion [104–106]. Employing nanoparticles for 
biological imaging allows long time observa-
tion as they do not photobleach or blink [107]. 
If plasmonic nanoparticles are used, the l

max
 

shift can be exploited to provide more infor-
mation. For example, plasmonic nanoparticles 
have been used to monitor agglomeration of 
labeled receptors as a function of time since 
the coupling of surface plasmons cause large 
l

max 
shifts [105]. 

Recently, Bingham et  al. combined single 
particle tracking and LSPR spectroscopy to 
allow the simultaneous acquisition of the par-
ticle trajectory and shifts in the particle l

max
, 

which yields information on the corresponding 

local environments [108]. The instrument they 
developed employs the dark-field microscopy 
apparatus shown in Figure 8. Wide-field images 
of many particles were obtained as a function 
of l

max
 and time. The scattering spectra of three 

different nanoparticles are presented in Figure 9A 
and their trajectory in a highly viscous solution 
with is shown in Figure 9B. The fits in Figure 9C 
are consistent with Brownian motion in 2D. 
Diffusion constants were determined by fit-
ting, and were used to calculate the estimated 
size of each nanoparticle; the nanoparticle sizes 
calculated agree well with those measured with 
transmission electron microscopy [109]. 

This work not only illustrates improved 
particle tracking capabilities, but, more impor-
tantly, it paves the way for advanced biophysi-
cal work involving the analysis of multiple 
interacting nanoparticles simultaneously. For 
example, if both the antibody and antigen of 
a binding pair are tethered to a nanoparticle, 
there should be a significant change in diffu-
sion rate and the l

max
 when they bind, which 

should permit sensing on the single molecule 
scale. In addition, measurements of this type 
should also give rise to highly sensitive, min-
iaturized multiplexing. As mentioned above, it 
is possible to modulate the l

max
 position for a 

nanoparticle by varying the size and shape of 
the particle. It has been shown by Xu et al. and 
Bingham et al. that multiple particles can be 
spectrally resolved simultaneously in an imag-
ing format [107,108]. The exciting expansion of 
this work into a multiplexed imaging scheme is 
discussed in the next section. 

Multiplexed biological imaging 
using LSPR
Since each individual nanoparticle can pos-
sess unique LSPR spectral properties as well as 
specific biological functionalization, ensemble 
measurements of these particles could be quite 
useful in multiplexed imaging, diagnostics and 
therapeutics. Furthermore, both the plasmonic 
particles themselves and the detection instru-
mentation are noninvasive, allowing for multi-
plexed in vivo studies. This type of multiplexed 
imaging offers a major advantage for biological 
systems, as many disease-related phenomena 
involve more than one component. Moreover, 
a library of nanoparticles with different l

max
 

could each contain a different drug of choice, 
introducing the possibility of carrying out ther-
apeutic applications in which specific cells can 
be targeted by multiple drugs for maximum 
efficacy. 
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One of the first studies demonstrating the 
concept of using nanoparticles of different plas-
monic properties for multiplexed detection was 
carried out by Taton et al [110]. In this study, 
multiple spectrally distinct nanoparticles were 
functionalized with different oligonucleotides 
to afford multiplexed detection of DNA micro-
arrays. The idea of plasmonic multiplexing has 
been extended in recent studies to include 
in vivo imaging of biological tissue and cells 
for medical diagnostics [111–113]. The lack of 
photobleaching, low background in biological 
samples, and a large scattering cross-section of 
nanoparticles make LSPR imaging ideal for 
in vivo sensing and facilitates combined imag-
ing and targeted therapeutic delivery. Recent 
studies have demonstrated the use of plas-
monic nanoparticles to simultaneously image 
and kill diseased cells in a targeted manner 
using light-generated heat and reactive oxygen 
species [114,115]. Other studies have coated the 
surface of the nanoparticle with drug-carrying 
agents, such as polymers or peptides, which 
provide controlled release over time [116–118]. An 
additional therapeutic avenue used plasmonic 
nanoparticles containing DNA to influence 
gene expression in vivo [119]. 

These studies demonstrate that multiplexed 
LSPR imaging can be applied in new and inven-
tive ways to improve diagnostics and therapeu-
tics. The use of spectrally distinct nanoparticles 
allows a wide array of molecules of interest to 
be tethered to different nanoparticles, providing 
multiplexed biological recognition. In addition, 
with plasmonic nanoparticles there are several 
ways for therapeutic molecules to be transported 

to, and released at, a specific location. The ability 
to track and manipulate plasmonic nanoparticles 
in real time should greatly aid in vivo diagnostics 
and therapeutics. In this application, changes 
in the LSPR spectra can be exploited to con-
firm biological recognition and that drug release 
has occurred.

Figure 9. Characterization moving nanoparticles. (A) Scattering spectra of three different silver nanoparticles taken using the 
wide-field localized surface plasmon resonance imaging apparatus. (B) Diffusion trajectories of the nanoparticles. Insets are magnified 
depictions of each trajectory. (C) Plot of mean square displacement vs time lag. The approximate size of the nanoparticle is determined 
from linear fits to this data.  
Reproduced with permission from [97].

Figure 8. Wide-field single nanoparticle localized surface plasmon 
resonance apparatus. An inverted microscope with a dark field condenser shines 
light on silver nanoparticles and only the scattered light is collected by an oil-
immersion objective. The LCTF selects one wavelength to transmit at a time. 
LCTF: Liquid crystal tunable filter. 
Reproduced with permission from [97].
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Conclusion
This article has highlighted recent advances in 
LSPR spectroscopic biosensing. LSPR measure-
ments require simple, inexpensive instrumen-
tation and can use a variety of flexible signal 
transduction platforms. By varying the mate-
rial, size and shape of the nanoparticles that 
comprise the sensor, both the l

max 
position and 

the RI sensitivity can be tuned. Both protein 
conformational changes as well as the resonant 
effect have enabled sensing of small molecules 
that would ordinarily be below the detection 
limits of LSPR. Furthermore, unambiguous 
identification of biological analytes on the sen-
sor surface can be achieved by combining LSPR 
with MS. By monitoring SNPs, detection limits 
can be improved, nanoscale multiplexed sensors 
can be made and particles can be tracked in real-
time. Thus, LSPR-based biosensing is a power-
ful platform for the most challenging problems 
in biomedicine.

Future perspective
Localized surface plasmon resonance-based 
biosensing devices offer many advantages over 
more traditional biological assays: instrumenta-
tion and device design is inexpensive; a variety 
of signal transduction platforms are available, 
which can be surface bound, or free to diffuse 
in solution; all platforms are easily functional-
ized with any probe of interest; the probes can 
be conveniently regenerated by sensor rinsing; 
and the nano-size of the sensor means small 
quantities of sample are required for sensing. 
Furthermore, microfluidics can be incorporated 
into LSPR imaging formats to create convenient, 
multiplexed delivery of many samples, or tether-
ing of many probes, to the sensor. Such multi-
plexed arrays are ideal for creating diagnostics 
based on multiple biomarkers and for screening 
potential therapeutic molecules in drug develop-
ment. Multiplexed sensing can even be carried 
out for unknown analytes as the combination of 

Executive summary

Localized surface plasmon resonance fundamentals
�� Localized surface plasmon resonance (LSPR) spectroscopy is widely applicable for biosensing due to the simple, low-cost instrumentation 

and the variety of signal transduction platforms that can be used.
�� LSPR biosensing makes use of the fact that plasmonic nanoparticles are sensitive to local changes in refractive index and hence no 

labeling of analytes is needed.

Correlated physical & optical properties of nanoparticles
�� The LSPR wavelength position and sensitivity to the environment refractive index can be tuned by varying the nanoparticle material, size, 

and shape.
�� Single nanoparticle LSPR has recently been used to define more detailed correlations between the physical and optical properties of 

plasmonic nanoparticles.

Detecting small analytes via protein conformational changes
�� It has been demonstrated that LSPR can detect protein conformational changes in real-time.
�� Small molecules that induce protein conformational changes can be detected as a result, even though they are typically below the LSPR 

detection limit.

Chromophore enhanced LSPR
�� Small molecules can be detected by taking advantage of the resonant effect. 
�� Different analytes can be distinguished based on the direction of the LSPR shift upon binding to a chromophoric probe protein.

Combined mass spectrometry & LSPR 
�� Mass spectrometry has been combined with LSPR to unambiguously identify surface-bound analytes, something that cannot be done by 

plasmonic sensing alone. 

Single nanoparticle LSPR
�� LSPR biosensing with single nanoparticles has the ability to greatly increase the sensitivity and allow for advanced multiplexing 

applications.
�� Single nanoparticle sensing has lowered detection limits to zeptomole levels for alkanethiols and even lower, approximately 

70 molecules, for the protein streptavidin. 

Multiplexed individual nanoparticle tracking
�� Multiplexed, single molecule sensing has demonstrated the ability to simultaneously monitor the position and LSPR spectrum of 

many nanoparticles. 
�� This not only lays the groundwork for significantly better miniaturization of multiplexed sensors, but also allows motion to be correlated 

with the refractive index of a local environment. 

Multiplexed biological imaging using LSPR
�� Biological imaging can be improved by taking advantage of the large scattering coefficients and nonbleaching characteristics of 

plasmonic particles.
�� Biological imaging and drug delivery can be carried out in a multiplexed format, making use of different colored plasmonic particles.
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MS or surface-enhanced Raman spectroscopy 
(not discussed here) with LSPR provides unam-
biguous analyte identification after the binding 
event has occurred. 

Single particle LSPR offers many exciting 
prospects for miniaturized biosensing devices. 
Combining single particle wide-field imaging 
with microfluidics will allow for an unprec-
edented number of processes to be measured 
simultaneously on-chip. Multiplexed biophysi-
cal studies involving LSPR imaging and track-
ing can greatly aid our understanding of disease-
related phenomena, particularly those involving 
more than one component. This type of imaging 
device can also be expanded to include surface-
enhanced Raman imaging by labeling bio-
markers of interest with commercially available 
(Oxonica Inc.) Raman-active tags. Each tag is 
identified by the unique, sharp Raman spectrum 
of an incorporated molecule, making these tags 

ideal for multiplexed applications [120]. Finally, 
because plasmonic particles are easily functional-
ized to reduce an immune response, it is expected 
that multiplexed biosensing in vivo will show 
increased popularity in the future [121]. 
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